ABSTRACT: Results of recent models suggest that fecal pellet production by pelagic tunicates should have a major impact on the relative magnitude of export of particulate organic matter from the upper mixed layer of the ocean. However, little is known of the sinking velocities of feces from small salps and doliolids living in continental shelf waters This study was designed to determine the sinhng velocity of fecal pellets from Dolioletta gegenbauri under natural and amended food conditions, and to examine whether sinking behavior is best described by the Stokes or inertial formulations of the force balance equation. Still-water sinking velocity of pellets was determined in the laboratory at 20°C and 36.0 %S in a glass cylinder, and ranged from 59 to 405 m d-l Most of the feces produced by specimens fed only naturally occurring particles did not sink. About 70 % of the total variance of the logarithm of sinhng velocity of the pellets produced by specimens fed the amended diet was explained by a linear regression against the logarithm of pellet volume. These pellets sank more slowly than was expected based on sinking velocities of the pellets of copepods, euphausiids and salps. Also, the rate of increase of sinking velocity with increasing pellet size (which was a linear function of diameter) was lower than predicted by the Stokes equation (i.e. where sinking velocity of spherical particles diam.2), indicating that the pellets fell in an intermediate zone between the Stokes and inertial forms of the force balance equation.
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INTRODUCTION
Results of recent models indicate that the relative magnitude of export of organic matter from the upper mixed layer of the ocean should depend on the abundance, physiology and population dynamics of pelagic tunicates (Andersen & Nival 1988 , Michaels & Silver 1988 . Large fecal pellets produced by oceanic salps sink at high velocities, from 100's of m to several km dC1, and often dominate the mass flux of organic matter (Matsueda et al. 1986 , Bathmann 1988 , Morris et al. 1988 . There is uncertainty however, about whether fecal pellets produced by small neritic salps and doliolids contribute primarily to recycling or to export (Pomeroy & Deibel 1980 , Bruland & Silver 1981 , Madin 1982 , Pomeroy et al. 1984 .
Dolioletta gegenbaun is common in the South Atlantic Bight of the USA (SAB: Cape Canaveral, Florida, to Cape Hatteras, N. Carolina) often forming population irruptions covering 100's of km2 in association with phytoplankton blooms resulting from nutrients up-@ Inter-Research/Printed in F. R. Germany welled by Gulf Stream frontal eddies (Deibel 1985 , Paffenhofer & Lee 1987 . Pomeroy & Deibel (1980) found that many of the fecal pellets of D. gegenbauri sank slowly if at all, and suggested that they may have a residence time in the water column of the SAB of > 5 d, more than enough time for all of the labile organic carbon to be removed from them by microorganisms (Pomeroy et al. 1984) . However, Bruland & Silver (1981) found the fecal pellets of D. gegenbaun to sink at substantial velocities (41 to 208 m dC1). If the fecal pellets of doliolids in the SAB sink at similar velocities, their residence time in the water column would be < 2 d, and much organic carbon would be available for export to the benthos. Are these views really disparate, or can they b e accounted for by biological and hydrodynamic factors that regulate the sinking behavior of small fecal particles in the ocean?
This study was designed to determine the sinking velocity of fecal pellets produced by Dolioletta gegenbauri under natural and amended food conditions, and to examine whether their sinking behavior is best described by the Stokes form of the force balance equation (i.e. the low Reynolds number case with drag dependent primarily on viscous forces and sinlung velocity X diam.2) or by the high Reynolds number (Re) formulation, with drag dependent primarily on inertial forces and sinking velocity X diam.0.5 (Komar & Taghon 1985) .
MATERIALS AND METHODS
Still-water sinking velocity was measured for pellets < 24 h old, produced by a mixture of gonozooids and phorozooids of Dolioletta gegenbauri ranging in length from 2.7 to 7.0 mm. Some of the specimens were captured in the field while others were released by adults held in the laboratory. They were fed either naturally occurring particulate matter from the collection site (pre-filtered through 180 pm mesh), or natural particles amended with a mixture of Isochrysis galbana, Pendinium trochoideum and Thalassiosira Ruviatilis from laboratory cultures. These species were selected to represent the types of food encountered by D. gegenbaun in outer continental shelf waters of the SAB (Deibel 1985) . Quantities of algae were added to approximate concentrations found in phytoplankton blooms associated with Gulf Stream frontal eddies where doliolid irruptions are common (Deibel 1985) . Collections were made on 18 March 1980 southeast of Savannah, Georgia, USA, in water of 18.0°C and 36 %OS. In preparation for sinking velocity determination, fecal pellets were rinsed in filtered seawater to remove adherent particles (Whatman GF/C), and their lengths and diameters determined with a stereomicroscope to the nearest 12 Wm. Stlll-water sinking velocities were determined in a glass, 100 m1 graduated cylinder with an inside diameter of 2.58 cm and a height of 24.0 cm. Although theoretical calculations suggest that the smaller pellets in this study may be affected by the presence of walls as much as 120 particle diameters away (Vogel 1981) , they did not migrate toward the walls nor dld their sinhng rates depart from the linear relationship shown in Fig. 1 , both indications that the wall effect was minimal. The cylinder was filled with filtered seawater with a salinity of 36 %O the day before sinking velocities were determined. The experiments were done in a controlled temperature room (20°C). Pellets were released gently into the cylinder just beneath the surface of the water with a fine plpet. After allowing each pellet to sink 7 cm to eliminate momentum from its release (Bienfang, 1980 ) the time required for it to sink over 3 contiguous intervals of 3.8 cm was measured, and a mean sinking velocity calculated. Pellets which did not sink within 3 min of release were considered to be neutrally buoyant.
RESULTS
There was no difference between the sinlung velocities of pellets from individuals collected in the field vs those from individuals born in the laboratory (determined by visual inspection of a scatter plot of all data), so data were pooled from all individuals before analysis. The smallest prolate spheroid pellet was 96 X 160 pm and the largest 480 X 2688 p m The smallest spherical pellet was 220 pm in diameter and the largest 840 p m Thus, pellets of various shapes were available for a wide range of volumes, from 1 X 106 to 3 X 108 pm3.
The sinking velocity of pellets produced by doliolids fed the amended diet ranged from 59 to 405 m d-l (F f SD = 129 + 13, n = 28: Fig. 1 ). Two small pellets of 1.2 X 106 and 2.0 X 10' did not sink and are not shown in Fig. l . Of the total variance of the logarithm of sinking velocity, 70 % was explained by a linear regression vs the logarithm of pellet volume (Fig. l ) . The exponent of 0.32 lmplies that sinlung velocity was a function of some linear dimension of the pellets (e.g. diameter), as volume is dependent on the cube of diameter, and thus sinking velocity (U)
, or to (diam.3)0.32, which is equivalent to U diam.' 96. Variability of sinking velocity during the descent of pellets was low, with the range of triplicate measurements generally < 10 % of the mean. Most of the fecal pellets produced by individuals fed only naturally occurring particles did not sink (data not shown), perhaps due to the nature of the diet or to differences In individual feeding behavior (see 'Disc'ussion').
DISCUSSION
Sinking velocity and diet Pomeroy et al. (1984) found newly-captured salps and doliolids to have a wide range of gut fullness within a single sample, with many specimens having empty guts. Large variance between individuals in feeding rate and behavior may b e typical of marine zooplankton generally (Bruland & Silver 1981 , Bamstedt 1988 . Individuals with partially-filled guts produced flocculent fecal ribbons just after capture that did not sink and that disintegrated easily (Pomeroy et al. 1984) . I believe these qualities are not artifacts of containment because we have found repeatedly that small pelagic tunicates held in a rich food supply produce compact feces that sink at measurable rates (Pomeroy & Deibel 1980 , Pomeroy et al. 1984 ; Fig. 1 in this paper). Thus, doliolids fed naturally occurring particles in this study most likely produced fecal pellets that did not sink (see 'Results') because of either a low concentration of food or a scarcity of armored cells such as diatoms and dinoflagellates in the diet (Bruland & Silver 1981) .
Although uninvestigated for tunicates, it is well known that food concentration and diet may affect the sinking rate of fecal pellets produced by crustacean zooplankton by altering their density, compactness or size (see references in Bienfang 1980) . Unfortunately, the sign of these effects is not always predictable. Fowler & Small (1972) found laboratory-determined sinlung velocities of zooplankton fecal pellets to be underestimates of in situ velocities due to the low primary density of particles offered as food in the laboratory. Bienfang (1980) found that zooplankton fed diatoms produced dense feces that sank at higher velocities than those of lesser density produced when the animals were fed phytoflagellates. Turner (1977) found no effect of composition of the diet on the sinking velocities of pellets produced by pontelhd copepods. Alldredge & Gotschalk (1988) believed laboratory estimates of the sinking velocity of marine snow were overestimates of in situ velocities due to the collapse and condensation of flocculent aggregates held in containers.
It is difficult to extrapolate observations from copepods to pelagic tunicates, because tunicates do not have hard mouthparts with which to crush and compact their prey, suggesting that differences in the size or density of food items may b e transferred directly to their fecal pellets. I have duplicated the full range of observed sinking velocities of fecal material of Doljoletta gegenbauri (from 0 to several 100 m d-') by manipulating the diet, from that typical of non-phytoplankton bloom conditions (the 'natural' diet) to that typical of outer shelf blooms (the amended diet). Thus, no single relationship between size and sinking velocity of doliolid fecal material can be assumed for estimating maximum vertical flux under all conditions, without additional information on the nature of the diet and on the excess density of the pellets.
Excess density
The fecal pellets of Dolioletta gegenbaun sank at about % the velocity that was expected based on their size, in comparison to the pellets of copepods, euphausiids and salps (Fig. 2) . Bruland & Silver (1981) also found larger pellets of D. gegenbaun to sink slowly, at about %O of the expected velocity based on the same trend line (Fig. 2) . Why should this be so? Doliolid fecal pellets do not appear to have a peritrophic membrane as do the pellets of copepods and PELLET VOLUME (urn3) Fig. 2 . Range of the logarithm of sinking velocity (m d-l) vs the logarithm of pellet volun~e (Km3) for a variety of macrozooplankton, adapted from a figure by Bruland & Silver (1981) . Data shown are: I, copepod nauplii and copepodids (Paffenhofer & Knowles 1979); 11, Oikopleura dioica (Gorsky et al. 1984) ; 111, small and large copepods (Small et al. 1979) ; IV, naturally occurring fecal material (Smayda 1969) ; V, PonteUa meadii (Turner 1977) ; VI, Dolioletta gegenbauri (Bruland & Silver 1981) ; VII, euphausiids (Small et al. 1979 (1981) suggested that the lower than expected sinking velocihes of salp fecal pellets were due to their low dens~ty (1.10 g x cm-3) in comparison to the pellets of copepods (1.22 g X cm-3), and that the fecal pellets of doliolids were apparently less dense than were salp pellets. These observations indicate that the density of doliolid pellets may be < 2.10 g cm-3, less than that of diatoms (1.15 to 1.19 g cm-3; Smayda 1970) and copepod fecal pellets (1.11 to 1.17 g cm-3; Bienfang 1980), and approaching that of marine snow (ca 1.03 g cm-3; Alldredge & Gotschalk 1988) . By extension of the argument presented by Bruland & Silver (1981) , I suggest that the low excess density of doliolid fecal pellets accounts for their low sinking velocity in comparison to the more compact feces of copepods, euphausiids and salps (Fig. 2) .
Linear dependence of sinking velocity on size
The Reynolds number of the doliolid fecal pellets (using equivalent spherical diameter as the characteristic length) ranged from 0.17 to 3.8, with a mean (Vogel 1981) . In this range the drag force is not dominated by from the summary figure of Bruland & Sllver (1981, on which Fig. 2 is based) to estimate the relationship between s i n l n g velocity and parhcle volume for the fecal pellets of a wide range of marine zooplankton. For 5 groups of zooplankton, the slope of the relationship ranged from 0.23 to 0.69, with an overall slope of 0.38 (Table 1) . This corresponds to a dependence of sinking velocity on diameter ranging from 0.69 to 2.07, with a relationship for all of the data of U X diam.'.14, almost identical to the relationship for phytoplankton of 1.17 (Jackson 1989 ) and similar to the relationship I observed for the fecal pellets of Dolioletta gegenbaun of 0.96. Jackson (1989) concludes that the reason for this departure from the Stokes relationship is that the excess density of the particle over the fluid medium (Ap) for phytoplankton decreases as size increases in accordance with the relation Ap d-0.83.
It is well known that the excess density of organic particles decreases with increasing size, but we have no idea of the rate of change for doliolid fecal pellets. McCave (1975) reported relationships between Ap and particle size (i.e. equivalent spherical diameter) for a range of organic particles. After digitizing the data presented in his Fig.4 , I found slopes ranging from -1.19 for organic aggregates examined by Riley (1970) to -0.20 for the fecal pellets of euphausiids studied by Fowler & Small (1972) . Can these values for the change in excess density with particle size be used to understand the relationship between size and sinking velocity for doliolid pellets?
The terminal velocity of a particle falling through a fluid is reached when the buoyancy force plus the drag force are just equal to its weight, i.e. when, skin friction alone (as for Re G 1 under the Stokesian Table 1 Although rarely noted, a linear dependence of sinking velocity on particle size seems to hold for particles from single-celled phytoplankton (Smayda 1970 , his Fig. 1, Jackson 1989 ) to macroscopic fecal pellets of oceanic salps 107 bmes larger by volume (Bruland & Silver 1981, their Fig. 1 ). As pointed out by Jackson (1989) , the sinking velocities of phytoplankton summarized by Smayda (1970) where V = volume of the particle (cm3); g' = gravitation constant (981 cm S-'); p( = density of the fluid medium (1.026 g cmp3); CD = dimensionless drag coefficient; S = maximum cross-sectional area of the particle perpendicular to the direction of sinking (cm2); U = terminal velocity of the sinking particle (cm S-'); and p, the density of the particle (g cmp3; Alldredge & Gotschalk 1988). Rearranging for U we have,
where Ap = @,-pf), the excess density of the particle. From this equation one can see that the sinking velocity of a particle depends on its excess density (Ap), on the inverse of the drag coefficient (CD), and on the square root of the ratio of its volume to cross-sectional area (V/ S). That is, Excess density is difficult to determine empirically for small particles the size of doliolid fecal particles, and the drag coefficient is best determined from Eq. (2) given information about pellet size, sinlung velocity and Ap (Komar & Taghon 1985) . From data on marine snow aggregates (organic particles which doliolid fecal pellets resemble) presented by Alldredge & Gotschalk (1988) , I have calculated that CD V/S-l.'. Substituting this relationship into Eq. (2a) and given that Ap CC V/ s-'.19 for organic aggregates (see above, Riley 1970 in McCave 1975 , yields U a V/S'.'~, which is within a few % of the observed slope of 0.96 (Fig. 1) . There is need to test these hypothetical relationships between Ap, CD and size for fecal pellets of pelagic tunicates.
Generally, it is thought that to estimate the potential vertical flux of particles in the sea without using sediment traps one must know the size-specific sinking velocity and excess density of the particle population. However, the excess density of fecal pellets may depend on a complex suite of characteristics, including their porosity, the primary density of individual particles, and the physiological state of living particles within them (Alldredge & Gotschalk 1988) . Although excess density may change predictably with pellet size under conditions of constant food supply, it may vary widely depending on the nature of the particles making up the ingested ration (Bienfang 1980) , and must be determined empirically for all sets of conditions pertinent to the field.
